I. INTRODUCTION
T HIS research presents an investigation into the novel development of dye sensitized solar cells (DSSC) on flexible woven textiles, and explores the influence of the fabric on performance. Recently, there has been a great interest in developing lightweight, flexible, and wearable energy harvesting devices as a power source for electronic textiles (e-textiles) and potentially for portable electronics in applications, such as health and fitness monitoring [1] . At present, such applications are typically battery powered, but this is unsuitable for e-textiles due to the rigid natureof the battery and the need to remove it before washing [2] , [3] . Photovoltaic (PV) textiles have the potential to provide a sustainable energy supply [4] , but current commercially available PV textiles simply use rigid silicon or flexible plastic solar cells which are stitched or glued onto the fabric surface forming a functional PV patch [5] . This approach makes the original fabric inflexible and alters the feel of the textile significantly. The fabric has no electrical functionality and simply acts as a support for the PV cells. The functionalization of the surface of the textile itself turning the fabric into a PV cell could overcome these limitations enabling it to act as a power supply while maintaining its flexible characteristics. Organic, dye-sensitized, and perovskite flexible solar cells have demonstrated great potential [6] . Recently, the authors developed organic solar cells on woven textiles, achieved power conversion efficiencies (PCE) of 0.02, 1.23, and 0.4% from two different active formulations. The durability and flexibility of the organic solar cells on textiles has been extensively studied [1] , [7] , [8] . In contrast to this previous work, this paper presents DSSC on textile and while it uses the same interface layer, the functional films and device structure are all different. Among these different types, DSSCs involve a straightforward and low-cost fabrication process and achieve a high PCE making these attractive for e-textile applications [9] - [12] . One approach to realize DSSC textiles is to functionalize the yarns forming PV wires [13] - [15] or fibers [16] - [18] that can be woven in to a fabric. Recently, Zhang et al. reported a textile DSSC fabricated using polybutylene terephthalate polymer fibers, which were woven into different patterns forming a PV textile. This approach used a liquid electrolyte [19] to achieve a PCE of 1.3% for a single fiber, which is the highest reported PCE to date for single fiber-based DSSCs. The PV yarns approach imposes a significant challenge in large area applications to electrically connect the number of woven cylindrical yarns within the textiles [4] . The yarns can also be fragile and degrade in performance [20] . In addition, when functional yarns are woven into a textile, they are inevitably partially shaded which may reduce the PCE. Yin et al. fabricated plastic DSSCs using a flexible Indium tin oxide/polyethylene naphthalene (ITO/PEN) substrate as the front and back electrodes with a liquid electrolyte [21] . This device achieved a PCE of 5.8%, but the process requires sputtering of a platinum layer on to the ITO/PEN film and there is no textile involved in the device. Opwis et al. fabricated DSSCs on a woven glass fiber textile, which had a roll-to-roll laminated polyamide film to smooth out the textile and a sputtered titanium film as the bottom conductive electrode. A plastic ITO/PET substrate was used as the top electrode with the liquid 2156-3381 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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electrolyte injected in-between the sealed textile photo anode and the ITO plastic top electrode [22] . The devices achieved a PCE of 1.1%, but the sputtering process is inconsistent with textile manufacturing and will significantly increase the manufacturing cost and complexity limiting its suitability for large area processing. Recently, the authors have explored screen printed DSSCs fabricated on a conventional FTO glass substrate with sintering temperatures of 150 and 450°C. These achieved a maximum PCE of 4.3% and 7.41%, respectively, demonstrating the influence of the sintering process [23] . We have also shown that replacing one half of the glass DSSC with either a flexible woven cotton fabric or a Kapton substrates results in a PCE of 2.78% and 7.03%, respectively [24] . The authors have also reported using a solid-state electrolyte on DSSCs, achieved on woven textile substrate, which obtained a PCE of 0.4% [25] . This work represents intermediate stages toward a fully flexible textile DSSCs using a liquid electrolyte. This paper explores the fabrication of DSSCs on two different textiles, namely a woven polyester cotton and a glass fiber textile. These are combined with a flexible PET/ITO as the counter electrode. This has enabled the influence of the textile and the constraints they impose on the processing parameters to be evaluated.
II. EXPERIMENTAL SECTION

A. Materials
The woven polyester cotton (65/35) fabric was supplied by Klopmann International. The maximum temperature this fabric can withstand is 150°C. The polyester cotton fabric is planarized using a screen printable polyurethane-based interface paste (Fabink-UV-IF1, supplied by Smart Fabric Ink, Ltd). The plain woven composite glass fiber textile (FK144) was supplied by Valmiera Glass and this can withstand 1200°C. This was planarized using a screen printable liquid polyimide paste (TV-1003) purchased from Epoxy Technologies, Inc. Screen printable silver paste (Dupont 5000) was used for the bottom electrode. Two types of TiO 2 material have been developed for the electron transport layer. For the glass fiber variant, the TiO 2 paste comprised a mixture of rutile and anatase (Sigma-Aldrich 700355), with an average pore size of around 15-20 nm. For the lower temperature process using the polyester cotton, the paste formulation contained TiO 2 powder (6 g), acetylacetone (0.2 mL), de-ionized water (4 mL), and Triton X-100 (0.1 mL). The paste was prepared in a SpeedMixer (DAC 150.1 FV-K) for 1 min at a speed of 2000 r/min. The TiO 2 powder used in the low-temperature paste was Aeroxide P25 nanoparticles with a primary particle size of 21 nm, supplied by Sigma Aldrich. This was mixed with the non-ionic surfactant binder (TritonX-100) and the particle stabilizer is acetylacetone (P7754), which were both supplied by Sigma Aldrich. De-ionized water was used as the solvent for low-temperature 
B. Fabrication of Flexible DSSCs on Textile Substrates
For the woven polyester cotton fabric, the fabrication of the textile DSSCs starts with the screen printing of the interface layer. The purpose of the interface layer is to reduce the surface roughness of the fabric and present a smooth layer to support the subsequent screen printed functional films. The screen design ensures that the interface layer is only printed where subsequent layers are required, thereby maintaining the fabric's flexibility and maximizing breathability when compared with commercially available pre-coated fabrics. The interface layer was printed eight times and UV cured for 30 s each time as previous reported [1] , [24] .
After printing the interface layer, the functional films are built up as a stack on top of the interface layer. The conductive silver paste was screen printed on to the interface layer forming the bottom electrode layer and was cured at 150°C for 20 min. The TiO 2 electron transport layer was then screen printed on top of the silver electrode. The screen printed TiO 2 layer was annealed at 150°C in a conventional box oven for 30 min. The annealed TiO 2 film was then immersed into the prepared dye solution (100 mg of Ruthenizer 535-bisTBA dissolved in 10 ml of ethanol) for 8 h. The graphite-coated flexible PET/ITO film was used as the top electrode. The sandwiched bottom and top electrodes were subsequently sealed using the Meltonix Sealent, which was solidified at 60°C. The sealed devices were injected with the liquid electrolyte I − /I 3− through a small hole in the PET/ITO layer which was sealed afterward. The device structure is shown schematically in Fig. 1 .
To fabricate the flexible DSSC on the glass fiber textile, the liquid polyimide (Kapton) paste was screen printed on the fabric surface to obtain a smooth surface on the textile. The film was cured at 150°C for 15 min and 250°C for a further 20 min. The silver paste was screen printed on the liquid polyimide layer and annealed at 150°C for 20 min to form the bottom electrode. The high-temperature TiO 2 paste was then screen printed onto the electrode and annealed at 450°C for half an hour. The deposition of the dye, the liquid electrolyte, and sealing of the flexible ITO top electrode are the same as described for the polyester cotton fabric. Several batches of devices were fabricated for each textile to optimize the thickness of the functional layers to maximize PCE. After initial optimization, 20 devices were fabricated on each of the polyester cotton and glass fiber textile and all functioned correctly.
III. RESULTS AND DISCUSSION
A. Woven Polyester Cotton Fabric Devices
The surface roughness (R a ) of the polyester cotton fabric was initially 143.3 µm and this was reduced to 20 µm by the interface layer. The thickness of the interface layer was 35 µm, as shown in Fig. 2(a) . The R a of the printed silver electrode was measured 3 µm with a 20-µm-thick layer, while the TiO 2 film was 15 µm thick. Although the TiO 2 layer was cured at a relatively low temperature of 150°C, the particles have formed a consistent and crack-free film which is necessary for efficient electron transfer. After dye loading of the TiO 2 , the flexible PET/ITO substrate was clipped to the textile photo anode to enable characterization of the cell. A PCE value of 3.24% was observed with an open-circuit voltage V OC of 0.67, a fill factor (FF) of 0.5, and a current density J SC of 9.6 mA/cm 2 . Fig. 2 (b) shows the J/V curves for the sealed polyester cotton fabric DSSC device being shown in Fig. 2(c) . The sealed device was kept in air at room temperature for a period of four months and performance was measured every four weeks. During the first four weeks, the device had suffered from a slight evaporation of the liquid electrolyte, and therefore, further electrolyte solution was injected into the cell. The efficiency of the cells demonstrated no change in the PCE value. The device was measured again at eight weeks at which point the electrolyte was again topped up. The device obtained a PCE value of 3.18%, which is still comparable with the device PCE value recorded immediately after fabrication. The cell maintained the same V OC and FF values, but there was a slight decrease in current density of 9.4 mA/cm 2 . After a further four weeks, it was found that the liquid electrolyte had completely dried out and the device again required injection of the liquid electrolyte. After the injection of the liquid electrolyte for the third time, it was observed that some of the dye loaded TiO 2 film around the edges had cracked and peeled off and were floating in the electrolyte. The TiO 2 film was annealed at 150°C meaning the TiO 2 particles are loosely bound together resulting in a fragile film that was being damaged by the repeated addition of the electrolyte. Because of this, the effective surface area of the device was reduced to 0.28 cm 2 , as discussed in Table I . The device showed PCE of 1.03% with V OC of 0.66 FF of 0.28 and J SC of 5.5 mA/cm 2 . The PCE is lower than the previous measurements at four and eight weeks due to the deterioration in the TiO 2 film. After 16 weeks, there is no visible TiO 2 film on the textile substrates and no further PV response could be obtained, which suggest that the TiO 2 has slowly dissolved into the electrolyte. To explore the durability of the TiO 2 film, the results can be compared to these obtained from the DSSC on glass fiber textiles.
B. Woven Glass Fiber Textile Devices
The low-temperature (150°C) processed TiO 2 layer showed poor mechanical stability, which reduced the long-term stability of the device. To overcome this problem and achieve a more homogenous and stable TiO 2 film on the textile substrate, the commercially available high-temperature TiO 2 paste was screen printed directly on the silver-coated glass fiber textile and sintered at 450°C. The R a of the bare glass fiber textile is 70.5 µm and this can be reduced by printing a thicker silver bottom electrode. An electrode thickness of 33 µm reduces the R a to 26.1 µm, but this is still greater than the R a of the silver electrode on the poly cotton fabric, and therefore, a much thicker TiO 2 layer is required to achieve a continuous film with consistent morphology. Fig. 3(a) shows the SEM micrograph of a cross-sectional DSSC on the bare glass fiber textile with a 31-µm-thick nanoporous TiO 2 film. The increased thickness of the TiO 2 film reduces the DSSCs efficiency to 1.2%, which is less than the PCE of the poly cotton DSSCs. The increased thickness leads to charge recombination and increased resistance in the dye/TiO 2 layer reducing PCE. Therefore, the R a of the glass fiber textile must be reduced further to achieve a suitable functional layer. The approach adopted to reduce R a and planarize the glass fiber textile surface was to screen print a polyimide interface layer. It also soaks into the glass fiber textile and bonds the glass fiber yarns together creating a more stable substrate. Fig. 3 (b) shows the SEM micrograph of the cross section of the DSSC on the polyimide-coated glass fiber textile. The photograph of the bare glass fiber textile used in the experiment and the completed sealed device is shown in Fig. 3(c) and (d) , respectively, which demonstrated that the loss of the overall textile flexibility is negligible, after adding the functionality of the PV cells. The PV cells on textile remains functioning after the bending against a 5 mm radius rod. However, a quantitative experiment of the PV performance against cyclic bending test was not carried out in this research. A 40-µm-thick polyimide layer was screen printed onto the glass fiber textile and this was successful in reducing the surface roughness down to 10 µm. This was further reduced to 5 µm by the 20-µm-thick printed conductive silver bottom electrode. This smoother surface enabled the thickness of the TiO 2 layer to be reduced to an average of 15 µm which reduced on the resistance and the charge recombination in the functional layer. The device was assembled with the top flexible PET/ITO substrate and achieved a maximum PCE of 4.04% with a V OC of 0.73 V, an FF of 0.54, and J SC of 10.24 mA/cm 2 . The PCE of the textile devices improved significantly because of the smoother and flatter surface that enabled the subsequent functional layers to be deposited evenly across the device.
To study the stability of the devices in air, the textile DSSCs were stored in ambient condition after sealing with the top ITO/PET electrode. The PCE was measured periodically and the device demonstrated good stability with the no change in PCE after a period of eight weeks. The J/V characteristics of the woven glass fiber textile devices are shown in Fig. 4 and the PV analysis is summarized in Table II . After 12 weeks storage, the sealed device again suffers from the evaporation of the liquid electrolyte and dries out. After injection of the electrolyte, the device showed a lower PCE of 2.37% and 1.8% after 12 and 16 weeks, respectively. This was due to the TiO 2 functional layer cracking and peeling off during the injection of the electrolyte. This reduced the cell area from 0.5 to 0.3 cm 2 . After this, the high-temperature TiO 2 functional layer did not dissolve in the electrolyte and remained intact. Therefore, as a parallel research, the authors perform the investigation on fabricating the DSSCs with a solid electrolyte to avoid loss of the liquid electrolyte and the associated issues with the functional layer peeling off; this research on solid-state DSSCs on textiles has been published elsewhere [25] . Investigation of the packaging approach will also be undertaken to better protect the PV cells on top of the textile. A suitable encapsulate will be used that places the active layers close to mechanical stresses that arise from bending the textile.
C. Discussion
There is a distinctive difference in the PV performance of the two types of DSSCs, on two different woven textiles. The key process difference is restricted by the process temperature limit, imposed by the two different textiles. The improved efficiency from the glass fiber textiles is due to the higher annealing temperature for the TiO 2 layer. The high temperature removes more of the binder enabling greater surface coverage of the dye and improved carrier mobility. The high temperature also improves the mechanical constancy of the film when achieving a nanocrystalline structure. At the same time, the high-temperature annealed film can minimize the loss from cracking and dissipating by injecting the dye solution. Furthermore, the screen printed polyimide layer planarizes the glass fiber textiles to enable the subsequent deposition of the functional layers, in order to get higher efficiency than un-planarized glass fiber textile.
IV. CONCLUSION
The processing temperature of 150°C associated with standard fabrics, such as polyester cotton, requires a lowtemperature TiO 2 functional layer. While this was found to function initially, the film is not durable and dissolves in the electrolyte. This can be solved by a high-temperature TiO 2 layer, but this requires the use of high-temperature glass fiber textiles and is not suitable for standard fabrics. This work has demonstrated promising PCEs from the textile cells, but further work is required to package devices and improve their robustness as well as undergoing the use of solid-state electrolytes for use on standard fabrics.
